Introduction
Severe aortic stenosis (AS) therapy changed radically with the development and validation of transcatheter aortic valve implantation (TAVI) as an alternative to traditional surgical aortic valve replacement (SAVR). During the 15 years since its initial description, 1 TAVI studies have focused on the three interrelated but conceptually separate aspects of any treatment: procedure, patient, and physiology. First, procedural advances-mechanical, pharmacologic, and imaging-permit the randomized comparison of TAVI vs. SAVR in patients with decreasing surgical risk. 2 Second, the development of TAVI-specific risk assessment using clinical characteristics [3] [4] [5] allows for improved patient selection. Third, several physiologic fluid dynamic descriptions of AS have been proposed, beginning with the orifice model of Gorlin in 1951, 6 but with ongoing uncertainty regarding their universal application. 7 Pressure loss vs. flow curves describe the fundamental physiology of coronary 8 and peripheral 9 arterial stenosis. Importantly, echocardiography and tomographic imaging have documented dynamic changes in AS geometry and haemodynamic severity during both the cardiac cycle and stress-induced increases in cardiac output. Current haemodynamic models of AS pathophysiology assume a fixed form. For example, the orifice model predicts a quadratic pressure gradient-flow relation 6 while a simple resistor model predicts linear pressure loss across the valve 10 as flow increases. The literature documents that the orifice model imperfectly matches the changing aortic valve area (AVA) under stress conditions. 11, 12 However, systematic characterization of applicable pressure loss vs. flow curves and their implications for AS have not been reported but are especially relevant to TAVI given conflicting severity ratings between AVA and haemodynamics in some cases. Therefore, our haemodynamic physiology study of AS sought to answer three key questions using valvular pressure loss vs. flow curves. What mix of an orifice or resistor model correctly describes the observed pressure/flow haemodynamics of a stenotic aortic valve? Can we reliably use a resting assessment to predict responses to stress conditions? And how does the pressure gradient vs. flow relationship change immediately after a TAVI procedure?
Methods
Between February and October 2016, we recruited subjects with severe AS from patients undergoing clinical TAVI for standard indications. Inclusion criteria demanded use of general anaesthesia, implantation of an Edwards SAPIEN 3 or Medtronic CoreValve Evolut valve, and native AS (no valve-in-valve). Exclusion criteria included moderate or severe aortic insufficiency, mitral regurgitation, or tricuspid insufficiency; hypertrophic cardiomyopathy; unrevascularized, severe coronary disease; myocardial infarction within the preceding 3 weeks; history of significant ventricular arrhythmia; or a prior severe reaction to dobutamine. All subjects gave written informed consent as approved by the medical ethics committee of the hospital.
Valvular stress physiology protocol
The TAVI procedure initially proceeded as routine for our centre at the time of enrollment, including general anaesthesia, transoesophageal echocardiography, femoral arterial access for a pigtail catheter, femoral venous access for a temporary pacemaker (if the patient did not have a permanent device already), and a second femoral arterial access (typically surgical) for valve implantation. For study purposes, we obtained dedicated venous access (femoral or internal jugular) for a 7F pulmonary artery (Swan-Ganz) catheter with thermodilution capability.
A 6F Amplatz left catheter was negotiated into the left ventricle (LV) using a standard retrograde technique to cross the stenotic aortic valve. Once the catheter was in a stable position, the straight wire was removed and two commercial coronary pressure wires (Aeris PressureWire, St. Jude Medical) were zeroed, inserted, phase aligned, and equalized using a recording system (QUANTIEN analyzer with external pressure wire receiver plus additional Wi-Box, St. Jude Medical) as for coronary physiology. Finally, the catheter and one of the wires were pulled back to the high ascending aorta, minimizing the potential effects of pressure recovery. 13 The two 0.014 00 wires provided continuous, high fidelity pressure signals in the aorta and LV without imposing an iatrogenic stenosis, as would be the case for a larger, fluid-filled catheter.
14 Figure 1 provides a conceptual and annotated radiographic view of the protocol. After setup was complete, a step-wise dobutamine infusion began. Each phase lasted approximately 3-5 min, although adjustments were made for echocardiographic imaging duration and individualized subject response. Potential dobutamine doses were 0 (baseline), 5, 10, 20, 30, and 40 lg/kg/min, all delivered via central venous access. The decision to proceed to the next dobutamine dose was made using an integrative, clinical assessment by discussion among cardiac anaesthesia, interventional cardiology, and research team members regarding several parameters: LV, systemic, and pulmonary pressures; cardiac rhythm, especially the presence and frequency of ventricular extras; and left ventricular function and wall motion via echocardiography, using typical stopping criteria for dobutamine stress testing. At baseline, as well as during each stage of dobutamine, two roughly equally spaced thermodilution cardiac output measurements were made. Due to changing oxygen consumption induced by the dobutamine infusion, Fick assessment would not have been feasible. Details regarding acquisition and analysis of echocardiographic data can be found in the Supplementary material online.
Upon completing the stress physiology protocol, we carried out a routine TAVI. The measurements had no influence on whether or not to proceed, device selection, or implantation technique. After the operator was satisfied with the result, including balloon post-dilatation if necessary, an Amplatz catheter was placed in the LV across the implanted valve. Following the steps described previously, the pressure wires were again positioned and the dobutamine infusion repeated. Finally, the pressure wire in the LV was pulled back into the aorta to the same level as the other wire to check for agreement. All catheters and sheaths were removed and post-procedure care proceeded as usual.
Analysis of invasive physiology data
The pressure wires provided measurements every 10 ms to a precision of 0.1 mmHg. Using custom, off-line software, the crossing points of LV and aortic pressure from valid beats were automatically identified. For each valid beat, the analysis software summarized the mean LV and aortic pressures between the aforementioned crossing points (systolic ejection period) as well as its duration relative to the entire cardiac cycle. As a visual summary, we created temporal plots displaying the rate of dobutamine infusion, per-beat and trend line systolic ejection averages of LV, aortic pressure, and average transvalvular pressure loss (DP, the mean gradient between LV and aorta), unitless ratio of aortic/left ventricular pressures, and the thermodilution cardiac output (assumed to last a fixed duration of 15 s). as a function of transvalvular flow (Q). During a 15-s period starting with the bolus of saline for thermodilution, the average systolic ejection transvalvular pressure loss and fraction of the cardiac cycle spent in ejection were computed from valid data. Transvalvular flow represents the cardiac output that passes through the aortic valve and was calculated by dividing cardiac output by the duration of the systolic ejection period relative to the cardiac cycle. For example, a cardiac output of 5 L/min with a relative systolic ejection duration of 33% would produce 5/ 33% = 15 L/min (or 250 mL/s) of transvalvular flow. Pre-TAVI data for the two resting measurements (before dobutamine infusion) were fit to both linear and quadratic models (DP / Q rest and DP / Q rest 2 , where Q rest equals the average, resting transvalvular flow), while all post-TAVI data was fit to a linear model. For each subject both pre-and post-TAVI curves were shown simultaneously as in Figure 2 (right), which displays the DP/Q summary of the per-beat data in Figure 2 (left).
Pressure loss vs. flow curves
Using pressure loss vs. flow curves, we developed a conceptual framework for aortic valve physiology based on the notion of changing stenosis geometry, previously applied to coronary lesions. 8 For fixed stenosis geometry, the pressure loss vs. flow relationship contains constants describing its viscous and separation components. 9 But, if stenosis geometry depends on pressure or flow (as occurs with compliant anatomy subjected to flow-related changes in pressure), then these constants must be replaced by variables. This generalization permits an understanding of the more complex pressure loss vs. flow relationships observed with stenotic aortic valves. Our new conceptual framework predicted five key patterns of DP vs. Q: sublinear (DP increases less than predicted by resting measurements due to favourable changes in valvular and outflow tract geometry during stress), linear (valve acts as a pure resistor), mixed (both viscous and separation components), quadratic (pure orifice behaviour as proposed by Gorlin) , and superquadratic (DP increases even more dramatically than predicted by Gorlin due to worsening stenosis geometry with stress). Full details can be found in the Supplementary material online.
Statistical methods
Analyses were performed using R version 3. statistical methods. Applicable tests were two-tailed, and P < 0.05 was considered statistically significant. We did not pre-specify a sample size given the exploratory and descriptive nature of our study, as well as logistical challenges with recruiting subjects from this population and performing the protocol. As detailed in the Supplementary material online, we quantified linear and quadratic model fits using the coefficient of determination (R 2 ), summarized over the cohort by reporting a median value given its non-normal distribution.
Results
We enrolled 16 subjects with baseline and procedural characteristics as summarized in Table 1 , reflecting a typical TAVI cohort. All subjects except one had preserved left ventricular function with an ejection fraction >50%, while one subject had a severely reduced ejection fraction <30%. Table 2 displays haemodynamic and physiologic parameters, with mean difference and confidence intervals provided in the Supplementary material online. For technical and clinical reasons, we could not obtain post-TAVI measurements in two subjects (one died during the procedure because of an unexplained cardiac arrest) and in one subject the pre-TAVI cardiac output measurements were technically unsuccessful. The final analysis therefore included 16 subjects before TAVI and 14 subjects after TAVI. The Supplementary material online contains additional results, including plots like Figure 2 for all subjects.
Pre-transcatheter aortic valve implantation physiology
Before TAVI, mean transvalvular pressure loss (DP) did not display a consistent relationship with transvalvular flow (Q). Neither linear (median R 2 0.16) nor quadratic (median R 2 < 0.01) models using resting measurements fit the entire range of data well, implying that a severely stenotic aortic valve does not predictably behave like a pure resistor or orifice. Even a model with both viscous and separation components using all observations, as classically used for vascular stenoses, 8, 9 fit the population only modestly (median R 2 0.43), indicating that haemodynamic pathophysiology of a dynamic valvular stenosis differs fundamentally from a fixed coronary stenosis. Within our conceptual framework, we found all five expected patterns of DP vs. Q before TAVI. Whereas few cases (3, or 20%) behaved like an orifice or worse, a large majority of cases (10, or 67%) fit a linear or sublinear pattern. These results imply that an orifice model for AS physiology 6 applies to a small number of cases, and that even severely stenotic aortic valves commonly show favourable dynamic physiologic changes with dobutamine stress toward reduced severity. Take home figure shows the conceptual framework as well as clinical examples of three key patterns.
Stress aortic valve index
As developed in detail in the Supplementary material online, the stress aortic valve index (SAVI) provides a valve-specific summary of the pressure loss vs. flow curve during maximal physiologic conditions. The stress aortic valve index equals the unitless, mean aortic/ left ventricular systolic ejection pressure ratio during peak stress, reflecting the relative pressure loss over the stenotic valve. A value of 1.0 implies no pressure loss, whereas 0.7 indicates that under peak conditions 30% of the driving pressure in the LV is lost across the aortic valve. Because minimal systemic vascular resistance during systolic ejection using dobutamine was similar before and after TAVI, median 6. demonstrating a heterogeneous response to stress conditions also reflected in the variety of observed patterns for the DP vs. Q and dynamic anatomic changes seen in other studies by echocardiography and non-invasive imaging. Baseline clinical factors in Table 1 and resting haemodynamics in Table 2 were not significant predictors of the observed change in the aortic/left ventricular pressure ratio, as detailed in the Supplementary material online. Instead, heterogeneity arises due to a combination of diverse DP vs. Q relationships, as in Take home figure, coupled with individualized systemic vascular resistance in response to dobutamine infusion.
Post-transcatheter aortic valve implantation physiology
After TAVI, we observed a highly linear relationship between DP and Q. Repeated measures ANOVA P > 0.4 for before vs. after TAVI but P < 0.01 for baseline vs. peak dobutamine.
c Repeated measures ANOVA P = 0.029 for before vs. after TAVI and P = 0.069 for baseline vs. peak dobutamine. 
Discussion
This haemodynamic study answers three key questions regarding AS pathophysiology. First, neither orifice nor resistor models alone correctly describe the behaviour of stenotic aortic valves undergoing TAVI. The observed patterns of pressure loss vs. flow curves agree with our systematic framework of flow-dependent stenosis geometry, supported by prior work using echocardiography and tomographic imaging. Second, measurements made under resting conditions in asymptomatic stable patients do not reliably predict haemodynamics during stress conditions when valve-related symptoms may occur. The SAVI, equal to the aortic/left ventricular systolic ejection pressure ratio during dobutamine, offers a quantitative measurement of the relative peak flow limitation through the stenotic valve. By analogy, SAVI provides a 'fractional flow reserve' of the aortic valve, unmasking through hyperemia significant stenosis severity not apparent at rest conditions. Third, after TAVI the valve loses the orifice quadratic component through mechanical improvement of the previously stenotic geometry and behaves like a pure linear resistor characterized by a single number-the valve resistance 10 or its inverse, valve compliance-that optimally describes post-TAVI physiology. Invasive, 11 echocardiographic, 12 and computed tomographic imaging 15 literature report changes in AVA with stress. Our application of pressure loss vs. flow curves provides the physiologic associations, mechanisms, and consequences of this dynamic geometry since neither stenotic valves or TAVI devices behave like an orifice. While potentially useful as an anatomic description, AVA does not reflect or summarize the physiologic behaviour of stenotic aortic valves or TAVI devices. Disagreement between anatomic descriptions like AVA and physiologic impact like DP or SAVI is not a new observation for either vascular or valvular stenosis. Indeed, much of the current debate regarding 'low flow, low gradient severe AS' 7 reflects this discordance between form and function. As already resolved for coronary stenosis, anatomic metrics like AVA may prove inferior to physiologic metrics like SAVI for AS, although this hypothesis requires testing in future trials. The observed, unpredictable heterogeneity of pressure gradient vs. flow characteristics in response to stress implies that resting valve haemodynamics cannot reliably substitute for conditions during stress when patients may experience symptoms. Current guidelines restrict Take home figure Conceptual framework for aortic stenosis physiology. The shape of curve linking systolic ejection transvalvular pressure gradient (DP) to transvalvular flow (Q) provides a physiologic 'fingerprint' of haemodynamics unique to that stenotic valve. A single rest measurement (coloured blue) cannot predict which path will be observed during dobutamine stress (coloured red). Five patterns of increasing severity can be anticipated, from most severe (worse than the quadratic shape assumed by the Gorlin orifice model) to least severe (better than the linear shape of a resistor). Three examples from the cohort, plus the example in the right panel of , resting mean DP < 40 mmHg, and ejection fraction < 50%. 16 However, the limitations of AVA for predicting significant, stress-induced, abnormal physiology suggest that assessment of the 'valvular fractional flow reserve' might reveal a severity potentially suitable for TAVI than is not apparent on resting assessment. Consequently, some portion of patients with exertional symptoms yet only 'moderate' stenosis at rest may have a marked increase in pressure loss during dobutamine stress. If this subset of patients achieves a SAVI < 0.7, then Figure 4 implies that their physiologic severity on exertion compares with patients currently undergoing TAVI for indications supported by existing randomized trials. For quantifying stress valve physiology, SAVI offers several benefits over hyperaemic DP. First, as demonstrated in Figure 3 , SAVI empirically correlates better than hyperaemic DP with the relative reduction in transvalvular flow through the stenotic aortic valve. Second, as derived in the Supplementary material online, SAVI theoretically equals the relative reduction in transvalvular flow over the range of left ventricular driving pressures, whereas hyperaemic DP does not account for such variations. Consequently, two patients with identical Figure 3 Relationships with flow reduction from aortic stenosis. For the 13 subjects with successful paired assessments before and after transcatheter aortic valve implantation, we can estimate the flow reduction due to the stenotic aortic valve since systemic vascular resistance during systolic ejection remains constant during peak dobutamine (see Supplementary material online). The stress aortic valve index, equal to the aortic/left ventricular pressure ratio during systolic ejection, shows the best correlation (solid red lines denote 95% confidence ellipses), with stress assessments performing better than resting assessments and unitless ratios performing better than their corresponding absolute gradients with intermediate per- Therefore SAVI accounts for heterogeneity of left ventricular pressure to ensure physiologic comparability among patients, unlike a fixed hyperaemic DP threshold of 40 mmHg.
Comparison to existing literature
A study of 20 patients with isolated severe AS (mean baseline gradient 59 ± 4 mmHg) and intact left ventricular performance (mean resting cardiac output 5.4 ± 0.3 L/min, stroke volume index 37 mL/m 2 ) assessed invasive haemodynamics at rest and during supine leg exercise. 11 Only five of the 20 (25%) had valve behaviour that matched the quadratic model of Gorlin, 6 while the remaining 75% showed a less severe increase than expected during exercise. Our results agree that only a minority of severe AS fits an orifice description. We extended that prior work by defining many more points on the DP vs. Q curve, thereby permitting classification into patterns as the basis for: (i) a systematic theoretical framework to explain the results; (ii) the fluid dynamically-based 'valvular fractional flow reserve' or SAVI metric of physiologic severity; and (iii) repeating measurements after valve intervention in the same subjects. A cohort of 50 subjects with asymptomatic, isolated, moderate or severe AS, and normal left ventricular function underwent baseline and dobutamine assessment using echocardiography. 17 Figure 3 to have a weaker correlation with the relative flow reduction caused by the stenotic valve, and its inability to describe the highly linear DP vs. flow pattern observed after TAVI.
Limitations
We used dobutamine stress instead of exercise stress due to the patient population and need for general anaesthesia related to the planned TAVI procedure. Given prior literature, we believe our findings extend to exercise 11 or dobutamine infusion in awake patients. 17, 18 While relevant to our population of elderly patients undergoing TAVI, dobutamine may fit even better for younger patients with only moderate AS and primarily exercise-induced symptoms. 19 Our cohort was drawn from patients undergoing TAVI for current indications, thereby excluding populations like moderate AS at rest with symptoms, asymptomatic but severe AS, and 'low flow, low gradient' severe AS. Therefore, application of dobutamine stress for such patients requires further study. The sample size of 16, while modest, is consistent with other invasive AS physiology studies in prior decades. For example, the foundational Gorlin study in the early 1950's did not enroll any AS subjects, 6 a prominent paper from the 1970's had 20 subjects, 11 an outcomes study from the mid 1980's included 16 subjects with AS, 20 and a recent manuscript on coronary/valve interactions contained 22 subjects with severe AS. 21 Enrolment in our study finished because the final subject suffered a fatal cardiac arrest before TAVI and 2 min after cessation of dobutamine at 20 lg/kg/min. Retrospective analysis demonstrated a baseline aortic/left ventricular pressure ratio of 0.49 and SAVI of 0.37, clearly worse than all other cases. While autopsy did not reveal a cause of death, including no significant coronary atherosclerosis, haemodynamic analysis suggests that continuous and real-time display of aortic/ left ventricular pressure ratios during valvular evaluation, and cessation of dobutamine when SAVI reaches 0.50 or coronary perfusion pressure falls, could provide safe yet sufficient physiologic stress. Finally, we employed invasive haemodynamics with two high fidelity pressure wires to obtain quality data for analysis. In routine practice the substitution of a fluid-filled catheter for the aortic pressure seems reasonable based on our sensitivity analysis in the Supplementary material online, especially if placed in the high aorta to minimize pressure recovery effects. 13 
Conclusions
Application of pressure loss vs. flow curves demonstrates that neither orifice nor resistor models alone correctly describe AS pathophysiology but rather an individually varying mix of both by our systematic fluid dynamic framework reflecting changing stenosis geometry. Because resting assessment commonly does not reliably predict haemodynamic severity during stress, stress-induced physiologic assessment may offer essential insights into patients with only moderate AS at rest but exertional symptoms for whom resting severity fails to meet current requirements for TAVI.
Supplementary material
Supplementary material is available at European Heart Journal online.
